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Abstract 

For many years atherosclerosis was believed to be the passive accumulation of 
cholesterol in vessel walls. Today the picture is more complex, as immune 
processes occur in atherogenesis. Considerable attention is focused on the par- 
ticular role of adaptive immune responses orchestrated by T cell subsets. Since 
the role of Thl/Th2 balance and Thl cell domination in atherogenesis is already 
known, the involvement of regulatory T lymphocytes and recently described 
Thl7 cells raises new concerns. On one hand, each of these cells may specifi- 
cally drive responses of vascular wall tissues and immune cells; however, they 
are subject to the control of a plethora of tissue- and pathogen-derived agents. 
Due to ineffective tissue regeneration, remodeling of the vascular wall occurs. 
The understanding of the immune regulatory network gives perspectives of 
innovative immunomodulatory therapies of atherosclerosis and the prevention 
of its complications, such as coronary artery disease. 

Key words: atherosclerosis, regulatory T cells, Thl7 cells, endothelium, immunoreg- 
ulation. 
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Atherosclerotic plaque shows a predominant pattern of Thl lympho- 
cyte-driven cellular responses. This profile is believed to develop as the 
consequence of atherogenic antigen presentation by dendritic cells; 10% 
of T cells found in the plaque may recognize oxidized LDL via MHC class II 
molecules [1-3]. As interferon-y (IFN-y), essentially produced by Thl cells, 
promotes macrophage and endothelial activation followed, firstly, by the 
synthesis of chemokines, cytokines, radicals and proteases, and, second- 
ly, by the up-regulation of adhesion molecule expression, it is identified 
to be the major pro-atherogenic cytokine. Additionally, it inhibits cell pro- 
liferation, collagen production and cholesterol efflux. 

The biological significance of IFN-y and T helper 1 (Thl) cells in athero- 
genesis has been shown in mice models. In LDL receptor and apolipopro- 
tein E (ApoE) deficient mice, the lack of either IFN-y or IFN-y receptors 
attenuated atherosclerosis [4, 5]. Moreover, injection of recombinant 
IFN-y to ApoE deficient mice caused the development of larger plaques as 
well as the higher accumulation of fatty deposits and macrophages with- 
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in the arterial wall [6]. On the other hand, low den- 
sity lipoprotein (LDL) receptor deficient rodents lack- 
ing T-bet (the transcription factor of Thl cells), which 
do not produce Thl lymphocytes, had fewer ather- 
osclerotic lesions in the descending aorta [7]. Of 
note, IFN-y may also destabilize plaques due to the 
reduction of collagen synthesis, increased produc- 
tion of proteins that degrade extracellular matrix, 
as well as prevention of smooth muscle prolifera- 
tion, leading to the formation of rupture-prone 
plaques [8]. 

The excess of Thl-type immune processes in 
atherogenesis may be attributed to Thl cells' func- 
tional domination overTh2 cells, which produce 
interleukin-5 (IL-5) and interleukin-4 (IL-4), being in 
charge of humoral response development. Indeed, 
IL-5 has been proved to possess anti-atheroscle- 
rotic properties, as, firstly, it induced synthesis of 
atheroprotective antibodies by Bl cells and, sec- 
ondly, the engraftment of bone marrow from 
rodents lacking IL-5 to LDL receptor deficient mice 
led to the enhancement of atherosclerotic plaque 
formation [9, 10]. 

Taking the above-mentioned data into consider- 
ation, one may expect that Th2 cells would exhibit 
protective properties in atherosclerosis. However, 
IL-4 has been shown to be rather a pro-atherogenic 
factor, as it may destabilize plaques due to the 
reduction of collagen synthesis, stimulation of pro- 



teases, production of elastases, and the enhance- 
ment of smooth muscle cell apoptosis [11]. More- 
over, LDL receptor deficient mice lacking IL-4 show 
less advanced atherosclerosis and a smaller total 
plaque area [12, 13]. These data indicate that the 
involvement of Th2 cells in atherogenesis is poorly 
understood and requires more studies. 

Protective role of regulatory T cells 

Since the improper balance between Thl and 
Th2 responses does not fully explain the immune 
dysregulation in atherogenesis, the key role of reg- 
ulatory T cell (Treg) insufficiency leading to the 
breaking of the immune tolerance to atherogenic 
self antigens is at present being widely explored. 
Tregs, a subset of T helper cells, described originally 
by Sakaguchi, are produced in the thymus, from 
where they migrate to the peripheral tissues and 
regulate immune responses through interleukin-10 
(IL-10) and transforming growth factor p (TGF-(3) 
release, as well as via cytotoxic T-lymphocyte anti- 
gen 4 (CTLA-4) surface molecule expression. Their 
physiological role is to sustain the immune toler- 
ance to antigens and to inhibit the inflammatory 
processes through the suppression of effector 
T lymphocytes (Teff) and memory cell proliferation, 
the reduction of antibody synthesis, as well as den- 
dritic cell maturation, activity and survival. 
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Figure 1. A schematic presentation of current knowledge of T cell subsets' potential effects on atherogenesis 
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The protective role of Tregs in atherogenesis has 
been evidenced in both rodents and humans. In 
spleen, lymph nodes and thymus of atherosclerot- 
ic mice, one may find low numbers of Tregs. More- 
over, in vitro induction of CD4+ cells from these 
mice with oxidized LDL (oxLDL) causes a decreased 
Treg percentage [14]. Similarly, the administration 
of anti-CD25 antibodies to ApoE-deficient mice led 
to an increase of the number and size of athero- 
sclerotic lesions more strongly infiltrated by macro- 
phages and T cells, with a concomitant decrease of 
the CD4+CD25+ Treg count [15]. 

lnterleukin-10 alone, credited to be released by 
Tregs, has been shown to protect against the devel- 
opment of early stages of plaque. In the aorta of 
ApoE-deficient mice not capable of producing IL-10, 
more fatty deposits and larger plaques were found, 
whereas in mice over-expressing IL-10 fewer fatty 
deposits and more stable plaques were observed 
[1]. Correspondingly, in mice with TGF-J3 receptor dis- 
orders, more advanced atherosclerosis is observed. 
Additionally, the administration of neutralizing anti- 
TGF-p antibodies to ApoE-deficient mice led to the 
development of more severe atherosclerosis. It is 
assumed that IL-10 may exert anti-atherosclerotic 
properties through the decrease of IFN-y and inter- 
leukin-12 (IL-12) synthesis, reduction of apoptosis 
as well as the decrease of proteases enzymatic 
activity degrading intercellular matrix. Tumor growth 
factor-p promotes the stabilization of the plaque 
through the increase of synthesis of collagen and 
inhibitors of matrix metalloproteinases (MMPs), 
shown to be elevated in patients with metabolic 
syndrome [16], as well as proliferation of smooth 
muscle cells. Additionally, it was shown to decrease 
macrophage infiltration, and to inhibit foam cell for- 
mation and lymphocyte activation. Therefore, as 
a Treg-derived cytokine, TGF-p is also believed to 
protect against atherosclerosis [1]. 

Several recent papers support the significance 
of regulatory T cells in atherogenesis and coronary 
artery disease development in humans. Firstly, pres- 
ence of Treg cells has been observed during all 
stages of plaque development in the intima and 
adventitia [17]. Secondly, a reverse correlation 
between Treg cells and high-density lipoprotein lev- 
els was also noted. Thirdly, their relevance has been 
evidenced in patients with coronary artery disease; 
however, these results are contrasting. In patients 
with acute coronary syndrome as well as ST-ele- 
vated myocardial infarction a lower number of Tregs 
in peripheral blood was found as compared to sub- 
jects with stable coronary artery disease [18-20]. 
This phenomenon might be explained by immuno- 
suppressive T-cell subset compartmentalization 
within the acutely ischemic myocardium to limit the 
ongoing inflammation associated with this condi- 
tion. On the other hand, in non-STEMI (ST-elevation 



myocardial infarction) acute coronary syndrome 
patients, decreased Treg-cell levels and in STEMI 
subjects increased Treg-cell levels compared with 
controls and patients with CSA were noted. How- 
ever, Treg-cell levels were elevated in both groups 
after 55 days, thus supporting the hypothesis of 
a compensatory role for Treg cells due to either the 
myocardial damage or the return to a steady state 
balance between regulator- and effector-cell activ- 
ity [21]. Of note, induction of CD4+ cells from pa- 
tients with acute coronary syndrome with oxLDL 
caused a decrease of number of Treg cells unable 
to suppress the effector T cells [18]. To sum up, the 
increase in Treg-cell levels, as well as IL-10 observed 
only in STEMI patients, might represent the hall- 
mark of a counter-regulatory response aimed at 
limiting the cardiovascular damage or alternative- 
ly a pro-inflammatory state preceding the acute 
coronary event. 

Although not fully described yet, the protective 
role of regulatory T cells in atherogenesis seems to 
be unambiguous. 

Thl7 cells may aggravate atherosclerosis 

Of T helper lymphocyte subsets, Thl7 cells re- 
leasing interleukin-17 (IL-17) have been since not 
long ago considered to play a negative role in 
atherogenesis. Experimental studies evidenced that 
ApoE-deficient mice had higher IL-17 concentrations 
in the aortic wall, spleen, and mesenteric and pe- 
ripheral lymph nodes [22]. Moreover, the adminis- 
tration of soluble IL-17 receptor to ApoE-deficient 
mice led to a decrease of atherosclerotic lesions in 
the aorta. Treatment of murine aorta with IL-17 
caused higher monocyte infiltration. Additionally, 
the IL-17A/IL-17RA axis was shown to increase aor- 
tic arch inflammation during atherogenesis through 
the induction of aortic chemokines, and the accel- 
eration of neutrophil and monocyte recruitment to 
this site [23]. Other results indicate that IL-17 defi- 
ciency in mice reduced vascular inflammation 
and atherosclerosis. Expression of inflammatory 
cytokines (monocyte chemotactic protein-1 (MCP-1), 
interleukin-ip (IL-ip), interleukin-6 (IL-6), IFN-y, and 
interleukin-12 (IL-12) p40 and scavenger receptors 
in the plaques in Western Diet-fed apoE(-/-) IL-17 
(-/-) mice was inhibited [24]. In contrast, it was 
found that in human arteries and aortic T lympho- 
cytes, IL-17 induced endothelium to produce pro- 
inflammatory cytokines. 

The significance of both IL-17 and Thl7 lympho- 
cytes in atherogenesis was also proved in humans. 
In coronary artery disease and myocardial infarc- 
tion patients, higher levels of IL-17, IFN-y and Thl7 
cells and fewer Treg cells were noted [25, 26]. 
According to some authors, IL-17 may promote 
atherogenesis, when Thl cells are less active. Of 
note, Thl7 cells may play a relevant role in patients 
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with carotid artery plaques. Thl7 cells, Thl7-relat- 
ed cytokines (IL-17, IL-6, IL-23, and TNF-a), and 
RORyt mRNA levels were found to be higher in 
patients with stable plaques, and the highest in 
subjects with unstable plaques, as compared to 
non-plaque individuals [27]. The role of Thl7 cells 
in atherogenesis is still unclear and requires fur- 
ther studies. 

Immune regulation in atherogenesis may 
be determined by vascular wall tissues 
and bacterial agents 

As the consequence of cholesterol accumulation, 
cell death and increased extracellular matrix 
turnover, endogenous damage-associated molec- 
ular patterns (DAMPs) are generated by vascular 
wall tissue and plaque, which further promotes ath- 
erosclerosis. Often they act through Toll-like recep- 
tors (TLRs), serving as an alert of tissue injury for 
the innate immune system. Of them, heat shock 
proteins hsp60 and hsp70 and high-mobility group 
protein Bl (HMGB-1) have been shown to be 
particularly involved in atherogenesis and coronary 
artery disease [28, 29]. They strongly affect endo- 
thelium mainly through Toll-like receptor 2 (TLR2) 
and TLR4 signaling, thus leading to the increased 
synthesis of a plethora of pro-inflammatory medi- 
ators, which aggravate local inflammation and reg- 
ulate negative adaptive immune responses [30]. 

Interestingly, although hsp60, which is a human 
mitochondrial chaperone displaying extra-mito- 
chondrial and extracellular functions, is typically 
cytoprotective, a number of stress conditions deter- 
mine its conversion to a potentially toxic molecule 
for cells and tissues [31]. E.g. hsp60-stimulated 
adipocytes secrete TNF-a, IL-6 and IL-8, cytokines 
widely involved in atherogenesis and responsible 
for activation of innate immune mechanisms [32]. 
As it has been shown to be implicated in the initi- 
ation and/or progression of cardiovascular diseases, 
it may also potentially serve as a biomarker with 



Table I. Damage-associated molecular patterns 
(DAMPs) and pathogens involved in atherogenesis 



DAMPs 


Pathogens 


Biglycan 


Chlamydia pneumoniae 


Fibrinogen 


Helicobacter pylori 


FN EDA 


Porphyromonas gingivalis 


Heparan sulfate 


Streptococcus sanguis 


HMGB1 


Streptococcus viridans 


HSPs 


Mycoplasma pneumonia 


SA100A8/A9 


Haemophilus influenzae 


Tenascin-C 


Cytomegalovirus 


Neutrophil elastase 


Herpes simplex virus 


Versican 


Ebstein-Barr virus 



applications for diagnosis, assessing prognosis and 
response to treatment, as well as for preventing 
and treating such disorders. 

Apart from tissue-derived agents, the associa- 
tion of chronic bacterial infections, such as Por- 
phyromonas gingivalis, Helicobacter pylori and 
Chlamydia pneumoniae, with atherosclerosis and 
the development of its cardiovascular complications 
has been evidenced in epidemiological studies 
[33-36]. Experimental research supports the influ- 
ence of these bacteria on adaptive immune re- 
sponses, as splenocytes from R gingivalis-Mected 
mice showed significantly higher proliferation and 
immunoglobulin G (IgG) production in response to 
P. gingivalis. Furthermore, the selective up-regula- 
tion of MMP3, intercellular adhesion molecule 1 
(ICAM-1) and chemokine (C-X-C motif) ligand 7 was 
observed, suggesting that oral infection with R gin- 
givalis may induce alterations in systemic cytokine 
production which are supposed to be fundamental 
in the development not only of periodontitis but 
also of atherosclerosis [37]. Interestingly, humans 
with periodontitis show higher concentrations of 
circulating hsp60, which inversely correlates with 
HDL, and positively with triglycerides and small, 
dense LDL serum levels - a subclass strongly asso- 
ciated with cardiovascular risk, with a significant 
role beyond traditional risk factors, mentioned in the 
statement of the European panel of experts [38, 39]. 

Helicobacter spp. replication in the coronary arte- 
rial wall was also shown to be associated with ath- 
erosclerotic plaque formation. Although H. pylori is 
suggested to affect the development of ischemic 
heart disease through changes in the lipid profiles, 
endothelial cell colonization, increased coagulation 
and platelet aggregation, its effect on immune 
adaptive responses, including induction of molec- 
ular mimicry mechanisms and the promotion of 
low-grade systemic inflammation, is seriously con- 
sidered [40]. In coronary artery disease patients, 
seropositivity for H. pylori was shown to enhance 
serum total cholesterol and LDL concentrations [41]. 
Helicobacter pylori seropositive patients are at 
a higher risk for coronary atherosclerosis even 
regardless of traditional cardiovascular risk factors. 
Interestingly, H. pylori eradication improves endo- 
thelial dysfunction [42]. 

As the mechanism of gastrointestinal microor- 
ganisms' effect on vascular endothelium in athero- 
genesis is attempted to be explained by the autoan- 
tibody production and inflammatory environment 
generation by pathogen-associated molecular pat- 
terns (PAMPs), Ch. pneumoniae, found to reside in 
human coronary artery plaques, has been proved 
to directly induce synthesis of MCP-1, IL-8 and 
slCAM-1 by endothelial cells, thus leading to athero- 
progression [43]. Interestingly, Ch. pneumoniae 
phospholipase D was shown to be able to drive the 
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expression of interleukin-23 (IL-23), interleukin-6 
(IL-6), IL-ip, TGF-p, and chemokine (C-C motif) lig- 
and 20 (CCL-20) by monocytes. This intracellular 
pathogen elicited Thl7 mechanisms playing an 
emerging role in atherogenesis, suggesting its 
potential for regulatory adaptive immune respons- 
es stimulation [44]. 

One should underline that the feature of tissue- 
and bacteria-derived factors mentioned above for 
Thl- and Thl7-type responses promotion may exert 
a huge impact on lesion growth and atherogenesis 
progression [45]. 

Immune processes may affect local tissues 
and drive remodeling of vascular wall 

Persistent inflammation of the vascular wall driv- 
en by cholesterol accretion induces release of fibro- 
genic mediators that cause neointimal hyperplasia 
as well as smooth muscle cell (SMC) and fibroblast 
proliferation, leading to medial thickening and 
adventitial fibrosis, and overall remodeling of the 
vascular wall. Of pro-inflammatory mediators 
released by injured endothelium and SMCs as well 
as activated immune cells, several exert a huge 
impact on neointimal formation [46, 47]. Fractalkine 
and MCP-1 drive neointimal SMC expansion, which 
exposed to sheer stress produce monocyte colony 
stimulating factor (M-CSF) and IFN-y, thus inducing 
differentiation of monocytes into macrophages as 
well as Thl cell development. 

It is believed that damaged endothelium is not 
able to restore its proper structure and functions. 
However, regeneration seems to occur, including 
recruitment of circulating endothelial progenitor 
cells (EPCs) from the bone marrow leading to vas- 
cular wall re-endothelialization. Endothelial pro- 
genitor cells, released from the bone marrow by 
plaque- and immune cell-derived stimuli, migrate 
into the circulation and, being capable of differen- 
tiating into mature endothelial cells, re-institute 
and regenerate the damaged intima. Indeed, some 
data show the association of cardiovascular disease 
with lower numbers of circulating EPCs [48, 49]. 
They have been evidenced to delay the develop- 
ment of an atherosclerotic plaque. Moreover, 
reduced EPC numbers correlate with the impair- 
ment of endothelial function. 

Regeneration of intima in atherosclerosis might 
be not only insufficient, but also improper. It has 
been shown that smooth muscle cells, firstly, 
migrate from the media to the intima, secondly, 
they change their phenotype towards the fibrob- 
last-like one and, finally, they proliferate and remain 
there. Chemokines and cytokines, such as MCP-1, 
fractalkine, and RANTES released by injured endo- 
thelium and hyperproliferative vascular smooth 
muscle cells may aggravate local inflammation by 
attracting monocytes and lymphocytes as well as 



inducing smooth muscle cell proliferation, but at 
the same time they recruit smooth muscle progen- 
itor cells (SPCs) from the bone marrow by releas- 
ing stromal cell-derived factor-1 (SDF-1) [50, 51]. 

Summing up, in atherosclerotic patients the 
mechanisms described above seem to be insuffi- 
cient to regenerate the intima properly, thus lead- 
ing to the sustention of persistent inflammation. 

Immunomodulation in the perspective 

of atherosclerosis treatment and prevention 

The knowledge of immune processes and tissue 
interactions with both innate and adaptive immune 
system elements occurring in atherogenesis justi- 
fies the question about the perspectives of the 
development of novel therapies of atherosclerosis 
based on immunomodulation. Of classic drugs, 
statins already have been shown to exert their 
effect also through the reduction of synthesis of 
pro-inflammatory cytokines, such as tumor necro- 
sis factor-1 a (TNF-a), IL-6, MCP-1 and IL-ip by 
immune cells and endothelium, and the decrease 
of serum levels of interleukin-2 (IL-2) and C-reac- 
tive protein (CRP), thus preventing migration of 
macrophages and T-cells through the endothelium 
to inflamed tissues and reducing the macrophage 
content inside atherosclerotic lesions [52]. Of note, 
statins have also been proved to switch Thl to Th2- 
type response and induce T regulatory cells in 
atherogenesis [52]. 

Apart from immunomodulatory properties, 
statins have been shown to strongly affect endothe- 
lial progenitor cells. In vitro, statins reduce their 
apoptosis induced by oxidative stress [53]. Addi- 
tionally, as experiments on animal models revealed, 
statins may promote mobilization of EPC from bone 
marrow and improve neovascularization after 
experimental myocardial infarction [54]. Moreover, 
the results of a clinical study showed atorvastatin 
treatment of patients with stable coronary artery 
disease to exhibit an approximately 1.5-fold increase 
in EPCs [53]. All these data suggest that statins may 
affect re-endothelialization. 

One should bear in mind that targeting of im- 
munoregulatory mechanisms of atherogenesis may 
bring the development of novel therapies or even 
the prevention of atherosclerosis. Modifying the 
activity of Th cell subsets, such as Thl, Th2, Tregs 
and/or Thl7 lymphocytes, may offer an innovative 
therapeutic strategy of atherosclerosis treatment 
in order to tip the balance towards an anti-inflam- 
matory T cell response. At present, two possibilities 
based on Tregs appear: transfer of T regulatory cells 
and vaccination in order to induce immune toler- 
ance toward atherogenic antigens. Interestingly, it 
has been shown that the adoptive transfer of Trl 
cells leads to the decrease of atherosclerotic lesions, 
down-regulation of arterial wall infiltration by 
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macrophages, inhibition of Thl responses and in- 
creased IL-10 synthesis [55]. Furthermore, the 
administration of oxLDL in a mouse model of ath- 
erosclerosis led to slowed disease progression with 
concomitant enhancement of CD4+CD25+FoxP3+ 
cell number and higher production of TGF-(3 in 
mesenteric lymph nodes as well as higher expres- 
sion of foxp3, CD25 and CTLA-4- markers of Treg 
cells. This indicates that oxLDL leads to tolerance 
induction, thus decreasing the progression of ath- 
erosclerosis [56]. Similarly, the administration of 
ApoBlOO-loaded dendritic cells attenuates athero- 
sclerosis in hypercholesterolemic mice [57]. 

In conclusion, this immune regulatory respons- 
es networking with vascular wall tissues and their 
agents as well as exogenous pathogens are be- 
lieved to fundamentally affect the development, 
progression and clinical complications of athero- 
sclerotic disease. Precise description of their asso- 
ciations may bring very valuable outcomes in terms 
of atherogenesis treatment and prevention. 
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